Secretory Carrier Membrane Proteins (SCAMPs) are a group of tetraspanning integral membrane proteins evolutionarily conserved from insects to mammals and plants. Mammalian genomes contain five SCAMP genes SCAMP1-SCAMP5 that regulate membrane dynamics, most prominently membrane-depolarization and Ca 2+ -induced regulated secretion, a key mechanism for neuronal and neuroendocrine signaling. However, the biological role of SCAMPs has remained poorly understood primarily owing to the lack of appropriate model organisms and behavior assays. Here we generate Drosophila Scamp null mutants and show that they exhibit reduced lifespan and behavioral abnormalities including impaired climbing, deficiency in odor associated long-term memory, and a susceptibility to heat-induced seizures. Neuron-specific restoration of Drosophila Scamp rescues all Scamp null behavioral phenotypes, indicating that the phenotypes are due to loss of neuronal Scamp. Remarkably, neuronal expression of human SCAMP genes rescues selected behavioral phenotypes of the mutants, suggesting the conserved function of SCAMPs across species. The newly developed Drosophila mutants present the first evidence that genetic depletion of SCAMP at the organismal level leads to varied behavioral abnormalities, and the obtained results indicate the importance of membrane dynamics in neuronal functions in vivo.
INTRODUCTION
Secretory Carrier Membrane Proteins (SCAMPs) are evolutionarily conserved tetra-spanning integral membrane proteins that are broadly associated with organellar and plasma membranes (Law et al., 2012) . The Drosophila genome contains a single Scamp gene on the X chromosome whereas mammals have five genes, SCAMP1-SCAMP5. Neurotransmission involves membrane-depolarization and Ca 2+ -dependent regulated secretion of synaptic vesicles or dense core vesicles (DCVs) targeted to pre-synaptic membrane, followed by docking and fusion in order to release neurotransmitters (Burgess and Kelly, 1987; Kim et al., 2006) . Earlier biochemical studies suggested crucial roles of SCAMPs in these processes (Guo et al., 2002; Liu et al., 2005; Liao et al., 2008) . Isolation of varied neuron-enriched membranebound transporters as SCAMP-binding proteins and characterization of SCAMPs' role as targeting regulators have provided additional insights. For instance, SCAMPs bind to neurotransmitter transporters (solute carrier 6, SLC6) and regulate their cell-surface targeting (Muller et al., 2006; Fjorback et al., 2011) . In light of the significant role of cell-surface SLC6 in emotion and social behavior (Chen et al., 2004; Risch et al., 2009; Kristensen et al., 2011) , potential impact of SCAMPs-mediated targeting of these transporters is substantial. Another potentially important SCAMP-binding partner is the neuron-enriched pH-regulator Na + /H + exchanger NHE5. NHE5 is predominantly associated with endocytic recycling organelles in resting cells (Diering et al., 2013) , and SCAMPs play an important part in targeting NHE5 from endosomes to the plasma membrane in a non-neuronal heterologous expression system (Diering et al., 2009) . In mature neurons, neuronal activation acutely recruits NHE5 to dendritic spines, regulates pH therein and greatly influences dendritic spine formation and remodeling (Diering et al., 2011) . Thus, regulated targeting of NHE5 may modulate synaptic plasticity. Although the involvement of SCAMPs in activity-dependent dendritic targeting has not been tested, SCAMPs' proposed role in Ca 2+ -and depolarization-induced membrane fusion and docking makes this possibility intriguing (Diering and Numata, 2014) . Another class of organelle-membrane-bound (Na + , K + )/H + exchange NHE7 was also identified as a SCAMP-binding protein (Lin et al., 2005) . Curiously, a multivariate association study using brain-imaging data and genome-wide single nucleotide polymorphisms identified NHE7 as a novel candidate gene for lateonset Alzheimer's disease (Meda et al., 2012) . In regard to the disease-association, positional cloning has identified SCAMP5 as a candidate for autism susceptible gene (Castermans et al., 2010) . Moreover, DNA microarray analysis identified SCAMP1 expression is decreased in the prefrontal cortex of schizophrenia patients (Arion et al., 2007) , which may be associated with the symptomatic activity of this disease (Le-Niculescu et al., 2009) .
The possible involvement of SCAMPs in both regulatedsecretion and membrane targeting makes these evolutionarily conserved tetra-spanning integral membrane proteins promising candidates for neuronal regulators. Despite the previous biochemical and cell biological results suggesting the fundamental significance of SCAMPs in neurons, biological roles of SCAMPs in live organisms remain untested due to the lack of suitable model organisms. We have now generated a null allele to Drosophila Scamp by imprecise excision of a P-element and report pronounced behavioral abnormalities in adults: an accelerated age-dependent decline in climbing ability, defective learning and long-term memory retention, and heat-induced seizure susceptibility. P{neoFRT}19A/FM7c (Bloomington Drosophila Stock Center) for two generations and the white eyed balanced progeny were PCR screened using the primers listed in Table 1 . The molecular lesion generated by imprecise excision was determined by direct sequencing of genomic DNA from homozygous flies. For transgenic rescue experiments, Scamp 63A , elav-GAL4 c155 strain was generated.
MATERIALS AND METHODS

REAGENTS
GENERATION OF TRANSGENIC FLIES
A cDNA encoding Drosophila Scamp was isolated by RT-PCR using a Drosophila embryo mRNA (Clontech, Mountain View, CA, USA) as a template. Human SCAMP1 and SCAMP5 cDNAs were previously isolated in our laboratory as described (Lin et al., 2005) . In brief, first strand cDNA synthesized from human brain total RNA by the use of random primers for reverse transcription was used as a template for PCR. N-terminal myc-tag was introduced by PCR using the primers summarized in Table 2 and ligated into the pUASTattB vector (Groth et al., 2004; Fish et al., 2007; Markstein et al., 2008) . The sequence of the N-terminally myc-tagged clones was verified and 
FLY STOCK MAINTENANCE FOR BEHAVIOR EXPERIMENTS
Homozygous Scamp deficiency mutant female flies were outcrossed with iso-w − male, and the male Scamp hemizygous F1 progeny was tested for behavior, unless otherwise stated. Two independently-generated Scamp deficiencies were crossed and the heteroallelic Scamp deficient female F1 progeny was also tested for certain behaviors. Fly stocks were maintained at 22 • C or 25 • C and 70% relative humidity with 12 h/12 h light/dark cycles on standard cornmeal-yeast-based food. Flies to be tested in behavior assays were collected from freshly eclosed stocks, and transferred to fresh food vials prior to the experiment. All the experiments were done in the early to midafternoon in order to avoid variation due to circadian rhythm.
LIFESPAN ANALYSIS
Null Scamp 63A and precise excision Scamp 211A homozygotes were collected within 16 h after eclosion and raised at 25 • C in a moisture-and light-controlled environmental room. Surviving flies were counted every second day. Kaplan-Meier survival curves were generated by calculating the ratio of live flies and plotting the value as a function of incubation time.
CLIMBING ASSAYS
Climbing assays were performed as described previously (Leal and Neckameyer, 2002; Martinez et al., 2007; Perkins et al., 2010) with some modifications. Age-matched adult flies of each genotype were transferred without anesthesia to an odorless, clean polystyrene climbing-test-tube and kept in the dark for approximately 10 min prior to the experiment. To assay climbing, the test chamber was tapped three times to bring all flies down to the bottom; we counted the number of flies that climbed past the 7 cm line, from the bottom, within 8 s. During climbing, flies were illuminated only from above to facilitate phototactic climbing. Mean numbers of flies crossing the 7 cm line was determined in 4 or 5× replicates per assay, and we performed 5 to 9 assays per genotype. All experiments were recorded with video for data collection.
OLFACTORY CONDITIONING LEARNING AND MEMORY ASSAY
House-made T-maze equipment and aversive odor associated learning assays were built and conducted as previously described (Tully and Quinn, 1985) , with slight modifications. First, we entrained flies of all genotypes for odor-associated long-term memory. Approximately 130 post-eclosion flies (3-5 days old) of each genotype were transferred to a light-protected training chamber without anesthesia and exposed to a constant flow of odorless air (OLA) for 30 min. Thereafter, the following entrainment procedure was followed: (i) exposure to methylcyclohexanol (MCH) while being mildly electrically shocked with 0.5 s 60 V pulses (approximately 0.75 mA) given at 1.5 s intervals for 60 s, (ii) 45 s of OLA, (iii) 60 s of 3-octanol (OCT), and (iv) 45 s of OLA. After a 15 min spacing period, the entrainment cycle was repeated 10 times, each followed by a 15 min spacer. To test odorassociated long-term memory, trained flies were maintained at 22 • C for 20 h before testing. Trained flies were transferred to the T maze apparatus without anesthesia, and exposed to MCH (shockassociated odor) and OCT (shock-unassociated odor) injected from opposite ends of the apparatus, but converging at the T maze choice point. Flies were forced to move from the choice point toward either MCH or OCT over a 2.5 min period by constant gentle agitation of the sliding center compartment at the choice point. At the end of the assay, the sliding center compartment was pulled up to separate flies on either end, and the number of flies on each side was counted. Experiments were carried out in the dark to minimize any phototaxis. Similar experiments using OCT as an associated odor and MCH as an non-associated odor were conducted and the learning index (LI) was calculated (Tully and Quinn, 1985) . LI = (the fraction of flies avoiding the shock-associated odor) − (the fraction of flies avoiding the shock-unassociated odor). Reciprocal experiments were conducted using OCT as a shock-associated odor and MCH as a shock-unassociated odor, and the average value was defined as LI.
HEAT-INDUCED SEIZURE ASSAYS
Heat-induced seizure assays were carried out as described previously (Hoeffer et al., 2003) with some modifications. Newly eclosed adult flies of each genotype were grouped in triplicate in regular fly food vials (10-12 flies per vials), and were grown for 4 days at 22 • C prior to the experiments. When the UAS-GAL4 system was used, flies were incubated at 29 • C for 3 days followed by 1-day incubation at 22 • C. For seizure induction, flies were transferred to fresh polystyrene fly vials and immersed in a 42.3 • C water bath for 3 min at which time all the flies were paralyzed. The fly vials were then transferred to 22 • C and the number of standing flies that recovered from the heat-shock was counted every minute for up to 30 min. Experiments were repeated 7 times using different flies and all data were combined in the presented graphs of Kaplan-Meier failure function [1-S(t + 0)].
STATISTICS
Statistical analyses were conducted using Stata/IC 10. 
RESULTS
GENERATION OF SCAMP NULL MUTANT FLIES
By mobilizing the P{GSV1}GS1041, several imprecise excision mutants were isolated ( Figure 1A ). In the current study, Scamp 63A was used for most of the behavioral analysis whereas Scamp 50B was used to generate heterozygous Scamp 63A /Scamp 50B null alleles to characterize female behaviors. 
SCAMP NULL ADULT FLIES HAVE SHORTENED LIFESPAN
Decreased lifespan is frequently associated with neurodegenerative disorders in Drosophila and is often used as a "straightforward first look" at the phenotype (Lessing and Bonini, 2009) . We therefore tested the survival of adult flies. The median lifespan for revertant Scamp 211A males was 52 days whereas that of Scamp 63A males was substantially reduced to 26 days (−40.9%) (p < 0.001, log-rank test) (Figure 2) . A similar reduction of life span was observed in Scamp 63A homozygous females (34.1% reduction compared to controls, log-rank test p < 0.001).
SCAMP DEFICIENT ADULT FLIES EXHIBIT SLOWER CLIMBING BEHAVIOR
Impaired climbing behavior is frequently associated with neurological disorders, and climbing is one of the most commonly assayed behaviors because of the sensitive and robust nature of the assay that allows for testing a large number of flies (Lessing and Bonini, 2009 Figure 3C ). Climbing ability of heterozygous Scamp 63A /Scamp 211A flies started to show only a slight decline (−11% on average) at 22-24 days after eclosion whereas Scamp nulls (Scamp 63A /Scamp 50B ) exhibited a significant decline (−24% compared to the initial proportion) as early as 8-10 days posteclosion. Results from the repeated measures ANOVA supported that Scamp nulls perform worse and the degree of age-dependent decline significantly differs between the two strains [the interaction term of age and strain was statistically significant with F (4, 354) = 15.85, p < 0.001], indicating that Scamp deficiency accelerates age-dependent climbing impairment.
SCAMP IS NECESSARY FOR OLFACTORY-ASSOCIATED MEMORY FORMATION
A previous study showed that trans-heterozygosity for the longterm memory defective mutant CG32594 (ben) and Scamp (a P-element insertional mutant) led to a defect in long-term memory (Zhao et al., 2009 ). However, the effects of a Scamp null on long-term memory formation are unknown. To address this, we used an established aversive olfactory associated learning assay that uses electric shock for reinforcement. When exposed to 4-methylcyclohexanol (MCH) or 3-octanol (OCT) in the Tmaze test tube under the optimized experimental condition, all genotypes evaded the odor source and moved into the opposite chamber within 2.5 min, suggesting that Scamp mutants www.frontiersin.org November 2014 | Volume 2 | Article 64 | 5 sense odors and their odor-avoidance movement is intact. Scamp null adults and age-matched revertant controls were subjected to 10 cycles of training sessions consisting of an exposure with a shock-associated-and unassociated-odors. Both genotypes reacted similarly to electric shock by freezing, falling and jumping. This memory persisted in male revertant flies after 24 h, as they showed a strong tendency to avoid the shock-associated odor 24 h after training [Learning Index (LI) = 0.72 ± 0.22 (mean ± SD) Figure 4A ]. In contrast, Scamp nulls displayed an almost even distribution between the shock-associated and unassociated odors, showing a significant difference in LI (LI = 0.046 ± 0.092, p < 0.01 by Wilcoxon rank-sum test). Similarly, heteroallelic null females exhibited significant impairment in long-term memory, as opposed to female homozygous revertants (LI = 0.015 ± 0.11 vs. 0.84 ± 0.049, p < 0.01 by Wilcoxon rank-sum test, Figure 4B ). These results indicate that Scamp functions in learning and longterm memory in both males and females. We next tested the effect of neuronal restoration of Drosophila Scamp, human SCAMP1 or SCAMP5 on the long-term memory deficit of Scamp null males. Inclusion of the Drosophila UAS-Scamp (dmSc) significantly improved the Learning Index (LI), compared to the Scamp nulls that had elav-GAL C155 (LI = 0.35 ± 0.16 vs. −0.016 ± 0.14, p < 0.01 by Wilcoxon rank-sum test, Figure 4C ). Interestingly, transgenic expression of human SCAMP1 (hSc1) but not SCAMP5 (hSc5) also restored the LI of Scamp nulls albeit to a lesser extent, suggesting some conserved roles between humans SCAMP1 and Drosophila SCAMP in long-term memory formation.
SCAMP NULL MUTANT FLIES EXHIBIT SUSCEPTIBILITY TO HEAT-INDUCED SEIZURES
Elevated temperatures are a major environmental stress that influences cellular processes including enzymatic activity and the ion flux (Garrity et al., 2010) , which affects membrane excitability (Peng et al., 2007) and triggers seizures (Wu et al., 1978; Hoeffer et al., 2003; Wang et al., 2004) . Raising the temperature triggers seizures to flies, and the experimentally induced seizures
FIGURE 4 | Long-term memory is impaired in Scamp null mutants. (A)
Long-term memory of the outcrossed male progeny (Sc211A/Y and Sc63A/Y ) was tested 3-5 days post-eclosion. N = 6 experiments were conducted as shown in the box plot. (B) Long-term memory of female heterozygous Scamp nulls (Sc63A/Sc50B) and precise excision controls (Sc211A/Sc209A) was tested 3-5 days post-eclosion. N = 6 for Sc211A/Sc209A and N = 4 for Sc63A/Sc50B. (C) elav-GAL4 and Scamp 63A was genetically combined with UAS-myc-dmSc, myc-hSc1 or myc-hSc5 and the long-term memory of the age-matched male progeny was assessed. N = 4-6 assessments per strain were conducted. * * p < 0.01; * p < 0.05 by Wilcoxon rank-sum test. was suggested to mimic some aspects of human epilepsy (Song and Tanouye, 2008) . The outcrossed male progeny (Scamp 63A /Y and Scamp 211A /Y) was subjected to heat-induced seizure susceptibility assay 5-7 days after eclosion. The median recovery time for Scamp 211A /Y revertant flies was 2.5 min and 100% of these flies recovered within 23.5 min (N = 52). In contrast, the median recovery time of Scamp 63A /Y (N = 35) was 17.5 min, which is considerably longer than that of revertants (p < 0.001 by logrank test) ( Figure 5A) . Moreover, 28.6% of Scamp 63A /Y flies did not recover even after a 30-min incubation at 22 • C (p < 0.001 by Pearson's chi 2 -test). Neuronal UAS-Scamp restoration experiments showed partial rescue of heat shock recovery. Median recovery time for elav-GAL4 C155 , Scamp 63A /Y flies was 18.5 min (N = 81). Inclusion of the UAS-Scamp improved the median recovery time to 14 min (N = 82), a small but statisticallysignificant difference (p < 0.001 by log-rank test) ( Figure 5B) . Only 75 out of 81 (92.6%) elav-GAL4 C155 , Scamp 63A /Y flies recovered from heat-shock within 30 min whereas 81 of 82 (98.8%) of the UAS-Scamp restored flies did (p < 0.05 by Pearson's chi 2 -test).
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DISCUSSION
In the current study, we chose to model Scamp deficiency in Drosophila melanogaster, one of the most suitable model organisms to test stress-induced behavioral changes. We now show that Scamp deficient Drosophila mutants exhibit varied behavioral abnormalities including a decline in climbing that is exacerbated by aging, defective odor-associated long-term memory, and increased susceptibility to heat-induced seizures. Rescue of these phenotypes by neuronally-expressed Scamp demonstrate that Scamp acts within the nervous system. Moreover, restoration of these phenotypes by expression of human SCAMP1 indicates the conserved function for Scamp. Rescue of the heat-induced seizure susceptibility by the neuronal Scamp-expression was partial. Although the exact mechanism is unknown, it is possible that highly coordinated spatiotemporal Scamp-expression may be required to prevent heat-induced seizures, whereas gene expression by the UAS/GAL4 system is not finely regulated. Aging accumulates intrinsic stress that lead to deterioration in physiological processes including neuronal function. Although there are a number of other possible reasons, neurodegenerative Drosophila mutants often experience short lives (Lessing and Bonini, 2009) . In this regard, it is interesting to note that Scamp nulls showed shorter lifespan than revertant controls. Although the precise mechanism remains to be determined, we postulate that the susceptibility to aging related stress, possibly via neuronal dysfunction, has caused this phenotype. Previous studies reported that SCAMP1-knockout mice were viable and fertile, and mobility of resting animals was not affected (Fernandez-Chacon et al., 1999) . Furthermore, depletion of the sole SCAMP gene from the Caenorhabditis elegans genome developed no discernable effect on the sensation and spontaneous movement of the worm (Abraham et al., 2006) . It is important to note that these studies assessed only movement and sensation of resting animals, and stress-or aging-induced behavioral changes in SCAMP-depleted mice, Caenorhabditis elegans or any other model organisms have never been reported. Such stress-induced behavioral changes may indeed reflect integrated brain function. The aging-dependent deterioration of climbing capability was reported to be a characteristic feature associated with Drosophila models for Parkinson's disease (Feany and Bender, 2000) and Alzheimer's disease (Iijima et al., 2004; Crowther et al., 2005) . It is interesting to note that the behavioral abnormalities we identified in Scamp null flies are commonly detected in Drosophila models for human neurological disorders, including age-related neurodegenerative diseases and epilepsy. A predicted Scamp hypomorph w 1118 P{EP}EP1593 (the EP transposon insertion 370 bp upstream of the transcription start site) genetically interacts with ben (CG32594) in long-term memory (Zhao et al., 2009 ); however, a role for Scamp in memory formation has not been tested. We now show that Scamp is necessary for odor-associated long-term memory, phenocopying the Drosophila Ben mutants. These results indicate a direct role for neuronal Scamp in learning and memory. Intriguingly, pan-neuronal expression of human SCAMP1, but not SCAMP5, partially rescues the long-term memory deficiency phenotype. While SCAMP1 and SCAMP5 show a high degree of similarity in their transmembrane domains, SCAMP5 lacks several putative protein-binding motifs at the N-terminal segment including AsnPro-Phe (NPF)-repeats, a Pro-rich domain and a coiled-coil domain. As a consequence, these two isoforms may modulate different biological processes. The N-terminal cytosolic extension was suggested to be crucial for proper targeting for serotonin transporters (Muller et al., 2006) and neuron-enriched Na + /H + exchanger NHE5 (Diering et al., 2009) . It is possible that the entire structure of Drosophila SCAMP including the N-terminal cytosolic extension, which is conserved with mammalian SCAMP1, is needed for learning and long-term memory retention. In contrast to the learning phenotype, we showed that age-dependent climbing impairment of Scamp null mutants is rescued by neuronal transgenic expression of both human SCAMP1 and SCAMP5, raising an interesting possibility that this phenotype may be regulated by a common property shared by SCAMP1 and SCAMP5. As both SCAMP1 and SCAMP5 promote Ca 2+ -induced cytokine secretion in rat neuroendocrine model PC12 cells (Liao et al., 2008) and immune cells (Han et al., 2009) , these isoforms may exert overlapping functions in certain aspects of secretion. The potential involvement of SCAMP5 in neuronal-activity-dependent endocytosis of synaptic vesicles was also suggested (Zhao et al., 2014) while the involvement of SCAMP1 in endocytosis was also implicated (Fernandez-Chacon and Sudhof, 2000) .
Identification and characterization of SCAMP-binding proteins have substantially advanced our understanding on the cellular function of SCAMPs. To better understand the biological role of SCAMPs, extending the cellular level observations to characterization of the molecular network in vivo is essential. This can be initiated by generating mutant flies lacking Scamp binding protein genes and testing their behavioral trait(s), extending to the characterization of double mutants of Scamp and its binding partners. As biologically relevant protein-protein interactions could be weak and transient, isolation of weak interactants particularly integral membrane proteins by biochemical screening methods is a challenge. Our current study has shown the utility of Drosophila to address basic questions regarding human Scamp function. Future application of the Scamp deficient mutants together with the highly sensitive behavioral assays to genome-wide screening may facilitate to unveil a novel neuronal network.
CONCLUDING REMARKS
We have established a genetically defined Drosophila model and identified quantitative phenotypes, some of which can be rescued by specific human SCAMPs. While the significance of SCAMPs in neuronal functions and their involvement in neurodegeneration have been suggested, in vivo evidence supporting the biochemical data has been missing. Our current study has bridged the existing gap in our knowledge and shown that Drosophila provides an ideal model to address basic roles of Drosophila and human SCAMPs. It will be interesting in the future to extend the genetic interaction studies testing whether mutations to the genes encoding SCAMP-binding proteins confer similar neuronal phenotypes.
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